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ABSTRACT

Future space missions will encounter a range or challenging

thermal environments. Long mission durations, great

distances and Infrequent resupply Intervals will limit

prevlous approaches to thermal control that consume Earth
resources. The establishment of lunar and Martian bases

presents opportunities for thermal management In new ways

occasioned by the availability of high quality waste heat

from nuclear power systems and the ability to reject heat
to subsurface rock or, on Mars, to the atmosphere. Metal

hydrides can serve In future thermal control systems by

pumplng, storlng and transmitting thermal energy with

mlnlmal consumption of electricity. Hydrides are

lightweight, compact, nonventlng two-phase media whlch

enable unique thermally powered methods of heat pumping,

thermal storage, and transmission of thermal energy over

long distances. The Phase I study identified several

beneficial uses for hydrides In future thermal management

systems including:

• A.uxll[ary coollngfor spacecraft prior to
departure from LEO

• Heat pumping and thermal buffering at bases
with hydrides from local mineral resources

• Compact thermal control for EMU's and rovers.

:o Acqulrlncl thermal power at a remote nuclear
" "power s_Tstem and transmitting it to a safe

distance Tor use In thermal management

• Synergistic use of hydride thermal control
devices for hydrogen storage or for shielding
[rom nuclear, solar and cosmic radiation.
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1.0 INTRODUCTION

This is the Phase I final report on Contract NAS 9-17740, "Metal Hydride

Thermal Management Techniques for Future Spacecraft and Planetary Bases".
The Small Business Innovation Research study was conducted by Hydrogen

Consultants, Inc. of Denver, Colorado for the Thermal Systems Branch of the

Crew and Thermal Systems Division, Lyndon B. Johnson Space Center (JSC),

Houston, Texas. JSC's Technical Manager was Melaine Sedej. The purpose of

the study was to evaluate the potential use of hydride-based thermal contrel

subsystems at lunar or planetary bases, and in advanced spacecraft associated

with these future space activities.

Future space exploration activities are likely to include the establishment

of a permanently inhabited base on the Moon (Mende!l ed.,1985) and manned

expeditions to Mars and its moons, Phobos and Deimos (NASA, 1986; Duke and
Keaton eds., 1986). This study will be limited to lunar and Martian activities

to keep the scope within the bounds of a Phase l SBIR contract. However, the

curiosity of humans about their surroundings must eventually be extended to
the entire solar system and beyond. The most challenging thermal control

applications arise in manned missions because of the narrow range of

temperatures within which humans can work in comfort. To maintain the

health and productivity of crews during the long duration of future space
activities, an effective and reliable thermal control system is essenti-all

Metal hydrides have been identified as promising materials for Space
Station thermal control applications including refrigeration (Egan and Lynch

1985), heat pumping and thermal storage (Lynch and Riter 1987). These

metal-hydrogen compounds absorb, store and release more heat per unit of
volume than alternative materials. The working fluid, hydrogen, offers

commonaNty with cryogenicpropulsion,fuelcells,lunarmaterialsprocesses

and advanced environmental control systems. Hydride heat pumps and

refrigeratorsoperateby simple thermodynamic relationshipswith no complex

mechanical equipment. Unliketwo-phase fluids,theiroperationisnot affected

by gravityorthe lackof it.

One of the features of metal hydride subsystems that makes them

particularly well suited for applications in future spacecraft and planetary

bases is their ability to use thermal power in lieu of electricity. Solar thermal

nuclear or fuel cell waste heat can power active thermal control devices,

conserving electric power for other purposes. The only electrical power
requirements are for fluid circulation and control.
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The future space activities that are the subject of this study are in the

early planning stages, and many details which affect the design of thermal
control systems are not settled at this time. However, it is clear that there

will be significant differences between the thermal systems of the Space

Station and previous spacecraft compared to those of lunar and planetary bases
and associated vehicles. Nuclear power systems, such as the SP-IO0, are

envisioned in a number of future space applications (Buden and Angelo, 1984; J.

French, 1984; Colston, 1986). This will provide megawatts of thermal energy

at temperatures that are more than adequate to power metal hydride thermal

cycles.

Spacecraft that provide transportation and support for future space

missions must also have advanced thermal systems to cope with a much

broader range of operating conditions than in any previous manned mission

During preparation for departure, the thermal systems of these vehicles must

operate in the cyclic insolation of low earth orbit (LEO, ca. 90 minute). Then,

enroute to any destination more distant than the Moon, the environmental

conditions change significantly because solar intensity varies as the square of
distance from the Sun. After arrival at a planet or a moon an orbit will be

established, probably with an orbital period different from low earth orbit, so

a new cyclic thermal environment is encountered. The size of the crew may

change at this time as some crewmembers depart to the surface in a lander.
This has a direct impact on the metabolic input to the spacecraft thermal

system, and indirectly affects other heat loads.

The thermal systems of landers also offer significant challenges. A lander

on the Earth's Moon will encounter a significant range of conditions that

(except for polar sites) will vary with the diurnal cycle. During the two-week

lunar day, surface temperatures rise to 405 K (270"F). Surface temperatures

fall to 105 K (-270"F) during the two-week lunar night (B. French, 1977). Mars

landers will also experience large environmental variations that are dependent
on time of day (sol), latitude, altitude, and the Martian seasons. Maximum

daytime temperatures of 240 K (-28"F) and minimum nightime temperatures of

190 K (-118*F) are typic! of the two Viking lander sites (Kliore, ed., 1982). In
addition to the temperature variations, wind speed and the amount of dust in

the atmosphere will affect the thermal environment of a Mars lander. Mars'

moons, Phobos and Deimos, are small and cold compared to Earth's moon. Rapid

changes in insolation occur during the short obital periods of these moons (7 65

hrs. and 30.3 hrs. respectively). Surface structures and vehicles must also
contend with these thermal environments.

1-2



Perhaps the most versatile thermal control systems of all will be those of
the extravehicular mobility units (EMUs). It may be most efficient in terms of
mass and volume to have only one type of EMUaboard during lunar or planetary
missions. In that case, the thermal control system would need to function in
LEO before departure, In varying space environments during transit, and on the
surface after arrival.

Inadditionto theradiatorscommonly used onboarclspacecraft,a lunarbase

thermal system may conduct heat to lunarsollor rock. A Martian base may

alsorejectheat by conductionintothe surfaceor by convectionto the Martian

atmosphere. The atmosphere of Mars,with itscloudsand frequentdust storms,

will impact the designof radiators.The Martian atmosphere also provides a

limitless source of C02. In its solid or liquid states, CO2 could be useful as a

working fluid and as a storage medium in thermal control subsystems (Waligora

and Sedej, 1986).

Raw materials for manufacturing metal hydMdes are abundant in lunar

minerals such as llmenite(Taylor,1975).Vikingsoilsamples also indicatethe

presence of usefulmineralsat Mars (Gornitz,ed.,1979). There Isconsiderable

support for the idea of producing oxygen from lunar ilmenlte (MendeIl,ed.,
1985). llmenite contains iron and tltanium In the correct proportions to

manufacture FeTI,an alloythatreactswlth hydrogen to form FeTId. Ifoxygen

Is to be produced from ilmenite,the mining, beneficlatlon,and some of the

energy and processing required to manufacture FeTi could be written off

against oxygen production. FeTI would be a by-product, gained through a

marginal expenditureof energy. The polnt of relevance to thermal system

planningIsthathydrides,foruse at a growth phase lunarbase,may not need to

be transportedfrom Earth. Table l-I compares selected hydrldes to other

thermal storagemedla interms of heat stored per unltof mass and volume. It

isnoteworthy that few of the alternativescould conceivablybe manufactured
from lunarresources.

The balance of this report will discuss

how metal hydrides interact with heat
sources and heat sinks in thermal control
systems in general,

what environmental conditions are likely to
impact thermal system performance at
future lunar and planetary bases and assoc-
ated vehicles,

• and where metal hydrides look promising
forthesefuturemissions.
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Table I-I. Properties of phase change materials for thermal control.

The endothermlc phase changes are Indicated by heat arrows (-_) between
the initial and final phases; G =1 arm. gas, G*= gas @ P other than 1 arm.,
L = liquid, S = solid and S* Indicates a new solid phase. The last column
lists the latent heat per unit volume, sometimes called the volumetric
energy density It Is the .product of the preceding two columns, density x
latent heat per unlt mass _grav/'metr/cenergy censity).

Substance Phase Change Temp "C kglm 3 x MJ/kg = MJlm 3

Hydrated EutecticSalt S .A. L 7 1500 0.126 189

Glauber's Salt S-_ L 32 1460 0.251 366

Ice S-A. L 0 910 0.333 303

n- Hexedecane S-A.L 17 770 0.238 183

PentaerythrItol S -_S* 189 1390 0.303 421

NeopentylAlcohol $ -A.5* -31 810 0,053 43

HYDRIDES (two are required)

FeTIMonohydrldo

RareEarthNIs Hexahydride

VanadiumDlhydrlde

MagnesiumDihydride

S-_S*+G -8 5470 0.134 733

S-A.S*+G -40 5800 0.172 998

S-A,S*+G 21 4800 0.356 1709

S-A.S*+8 286 - 1450 2.845 4125

VENTINGALTERNATIVES(e.g.,Mars,Phobos,...)

Water, 8x 10-3 arm

Ice, 10-3 arm

CarbonDioxide,8x 10-3atm

CarbonDioxide,39 atrn

L-_G'* 5 1000 2.488 2488

S-_G'* -20 920 2.836 2609

S-A,G"* -123 1620 0.598 969

L-A,G* 5 895 0.216 193
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2.0 METAL HYDRIDES IN THERMAL CONTROL SYSTEMS

Future spacecraft and planetary bases will require advanced thermal

controlsystems to manage heat loadsof unprecedentedmagnitude and unusual

types. The specialpropertiesof metal hydrides permit novel thermal control

processes thatare not possiblewith other phase-change materials. On a mass

basis, metal hydrides can absorb and release as much heat as the best

alternativephase change materials,such as salts or paraffins.On a volume

basis hydridesare superior.The propertiesof severalphase-change materials

are compared to metal hydridesInTable I-Iabove. Hydrides alsoofferunique

operationaladvantages that make them attractivecandidates for futurespace

thermal systems:

• Hydrides can be conf!guredin p.airs,consistingof
two differen_ metal composltions with vastly
different hydride transformation temperatures.
Thls feature--Imposslblewith other phase-change
materlals--facllItatesunique types of heat pumps,
refrigeratorsand heat pipes.

• Thegaseous phase, hydrogen,can only " condense"
msioe the hydridecontainerswhere the powdered
metal Is stored--no problems wlth zero-g liquid
acquisition or unintentional condensation In
transfer lines at, the lowest temperatures
encounteredaboardspacecraft.

The phase change is controllableby adjustment of
the hydrogen flow intoor out of the hydride,thus
permitting more precise temperature regulation
than alternativematerials.

• Hydridesubsystems can be maintained Indeflnitely
in the space environment because the hydride
materialsare not volatile,except for hydrogen gas
which can be replenishedfrom other sub-systems
(propulsion,ECLSS, etc.).

Metal hydrides are chemical compounds formed by reactionsbetween solid

metals (usuallypowders) and hydrogen gas. Hydrogen existswithin the metal

hydridecrystalstructureas Interstitialatoms. As hydrogen Is absorbed and

released,a phase change with a largelatentheat occurs. Metallurgistsoften

concern themselves with the differencesbetween the two solldphases--metal

and metal hydride. ItIsmore useful,for the purposes at hand,to focus on the

2-I



behavior of the hydrogen as it transforms from gas to solid and back again.
Either point of view indicates a phase-change with a latent heat of transform-

ation. Focusing on the hydrogen places the use of hydrides in the familiar
realm of liquid-vapor systems, such as steam cycles, cryogenic propellants,

and Freon refrigerators.

Figure2-I compares the pressure-temperature characteristicsof typical

metal hydrideswith those of vaporizingliquids.These "van'tHoff plots"show

thatthe same relationshipisexhibitedbetween absolutepressureand absolute

temperature. The hydridedata in Figure2-I are equilibriumdesorptiondata,

indicatingthe finalpressure after extractinga small amount of hydrogen gas

at constant temperature. The best hydrideswill yieldvirtuallythe same data

inabsorption,when hydrogen isadded. The differencebetween desorptionand

absorptioniscalledpressurehysteresis,and itseffectsmust be accountedfor

inthe designof hydridedevices.A typicalhydridehysteresisband isshown in

Figure 2-2. The pressure-temperature data-points were established by

measuring pressure-composition isotherms at 10"C intervals between 25"C and

65"C. A typical pair of absorption/desorption isotherms is shown in Figure
2-3. The horizontal portions of the isotherms ("plateau" pressures) correspond

to the 25"C points in Figure 2-2. Metal hydrides may be metallurgically

engineered to react with hydrogen at virtually any pressure and temperature

Hydride equilibrium may be accurately described by equilibrium constants
of the form

Kp= PH2

fordesorption,and

Ko= i/PH2

for absorption, where P,, is the plateau pressure of the hydride, expressed in
n2

atmospheres. With these definitions, standard enthalpy, free energy and

entropy (AH', AG" and AS') for desorption or absorption processes may be

calculated as follows:

2-2
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LaNi5H 6 (Lundin& Lynch, 1976) shows a typical
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-R dlnKp
,AHO T I

d lit

_G"T = -RTInKp

_S" T
_H.T - _G"T

I

T

The slopes of hydride van't Hoff plots give the derivatives, d In Kp / d(T-I),

that are needed to determine the enthalpies, AH" T. The absorption lines are

parallel to the desorption lines so that, recalling that I_ = I/PH,., absorption

AH" T iS the negative of desorption AH" T tO a very good approximation Similar

sign changes occur in the calculation of AG' T and AS" f. Calculated values of
AH', AG" and &S" for typical hydrides at 298.15 K are listed in Table l-I.

04

i

q

O I ........ J I
I.O 21.0 310 4,0 _).0 _'.0

HYDROGEN COMPOSITION, H/Lo NIsRATIO

7.0

Figure 2-3. Pressure vs. hydrogen content isotherm for LaNis-hydride
at 25"C. The upper curve is for absorption the lower curve
is for desorptlon (Lundin & Lynch, 1976).
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Table 2-I.Thermodynamlc propertlesof typlcalhydrides.

A = Absorption@ T = 298 15K _H'T &G'T AS'T

D = Desorption@ T = 298.15K kJ/mol H2 kJ/mol H2 J/toolH2K

A _LaN1s + H2 -, _LaNlsH 6

D _LaNlsH 6 --, _LaN1s + H2

A _Lao.9Gdo.lN15 + H2 --, :}Lao.gGdo.lH6

D _Lao.9Gdo.iH6 -,_Lao.9Gdo.i + H2

A 2VH+H 2-,2VH 2

D 2VH 2-,2VH+H 2

-30.9 1.5 - 108.7

30.9 - 1.3 108.0

-29.2 3.3 -1090

29.2 -2.9 107.7

-40.2 1.6 -140.2

40.2 -0.6 136.8

A 2FeTI + H2 _ 2FeTIH -28,1 5.1 -i11.4

O 2FeTiH _ 2FeTI + H2 28. l -3.5 106.0

In addition to the equilibrium thermodynamics discussed above, metal

hydride absorption/desorptionprocesses are affected by dynamic factors,

includingchemical kineticsand heat transfer.HCf uses a proprietarycomputer

model calledHAWK (HydrideAnalysisWith Kinetics)to account for the effects

of dynamic factors on the performance of hydrides. The model uses a

first-order(diffusion-like)reactionrate equation and a nodal heat transfer

simulation to estimate the dynamic performance of realisticmetal hydride

devices. A typicaluse of HAWK duringthisproject was to estimate rates of

heat pumping cycles.Appendix A containsa detaileddiscussionof HAWK.

The simplest thermal use of metal hydrides may be for thermal storage.

The concept is Illustrated in Flgure 2-4. A heat source is thermally coupTed to

hydride A, drivlng hydrogen out through the valve and into hydride B. Hydride B

is cooled by a radiator or other suitable heat sink. There may be a large

difference In temperature between hydrides A and B as well as a large

2-5



(.00')
ZO')
_ I,,I,I

@

i T
HEAT OUT HEAT IN

I THERMAL PROCESS 1

Figure2-4. Metal hydridethermal storage .cycle.The
upper halfof the flgureshows the storage
of heat while the-lower half shows the
subsequentuse of storedheat.

difference between the heats of the two reactions. For example, hydride A

might be MgH2 at 450'C, storing 75 kJ/g-mol H2 desorbed, while hydride B is

LaNi s at 115"C rejecting only 31 kJ/g-mol H2 absorbed.

After the hydrogen has all been driven from hydrlde A to hydrideB, the

valve between the two hydridesmay be closed,storingthe chemical potential

energy indefinitely.At some latertime when heat isneeded,the valve may be

opened and hydrideA wllldeliver75 kJlg-mol H2 absorbed at a temperature of

about 385"C while hydride B consumes 31 kd/g-mo] H2 desorbed. The heat

consumed by hydride B may come from a waste heat stream in the thermal

process or, if necessary, from hydride A. The latter case reduces the net

available heat to 44 kJ/g-mol H2 absorbed by hydride A.

If, in the preceding example of thermal storage, hydride B had been coupled

to a higher temperature heat source, hydride A could have delivered process

heat at temperatures well above 450"C. This is a form of heat pumping that

can be accomplished by hydrides. Hydride heat pumping and refrigeration

cycles take advantage of the fact that the "vapor" phase, hydrogen, has two

different pressure-temperature characteristics In the presence of two

different metals. In Figures 2-4 and 2-5, hydrides A and B have differing

hydrogen stabilities (standard free energies). If both hydrides are at the same

temperature, the equilibrium hydrogen pressure of hydride A is less than the

equilibrium hydrogen pressure of hydride B. This pressure difference causes

2-6
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hydrogen to flow from B to A to minimize the chemical potential energy of the

system. This natural tendency for hydrogen to reside in containerA can be

driven backwards by applying heat to containerA. This occurs during the

"Recharge Process" depicted in the upper half of Figure 2-5. Heat is converted

to chemical potential energy as hydrogen is driven from Ainto B. During this

process heat is rejected from hydrideB to the heat sink. When all of the

hydrogen has been transferred, the "Refrigeration Process", depicted in the

lower half of Figure 2-5, can commence. The stored chemical potential energy

is released as hydrogen flows back to its natural state in container A.

Hydrogen, desorbing from hydride B, is analogous to evaporation, which

extracts heat from the refrigerated zone. Hydrogen, absorbed by hydride

A is analogous to condensation and heat is rejected to the heat sink.

HEAT SOURCE

A

( "_ i"

il ...,,...HEAT IN

_: _ HYDRIDE A

;"

_

HEAT SINK REFRIGERATION

"I i"

HEAT OUT

T
HYDRIDE B I

"I

....... ° ................. . ....... .(...... . ..........................

HYDRIDE A

i
HEAT OUT

HYDRIDE B )

T
HEAT IN

Figure 2-5. Schematic of a metal hydride refrigerator. The figure
is divided into three temperature zones--heat source,

heat sink, and a refrigerated zone--by the vertical lines.
The refrigeration cycle consists of two parts:

Recharge Process:

Hydrogen is driven out of hydride A by heat supplied by
the heat source. Hydrogen flows through the tube
between the two containers and into hydride B where
it is absorbed. The heat of absorption is rejected to
the heat sink.

Refrigeration Process-

Hydride B extracts heat from the refrigerated zone as it

decomposes endothermically, flowing hydrogen into hydride

A. The heat of absorption is rejected from hydride A to the
heat sink.
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The largeheat (_H')flow duringa hydriderefrigerationcycle,isrelatedto

a change in standard free energy (AG'),temperature (T) and standard entropy

(AS') by Gibbs'Function,AH" I AG" ÷ T_S'. In an idealizedisothermalphase

change,AG" and T are constant so that the heat flow is attributableto _S'.

The entropy changes duringhydrideldehydridereactionsare, in turn,directly

relatedto hydrogen volume changes. In real hydriderefrigerationequipment

the gas is consumed by one hydride as fast as it is liberatedby the other

hydride, so there is never any significantvolume of gas phase. For the

development of thermodynamic insighthowever, it is useful to imagine that

constant pressure accumulators store the hydrogen gas flowing from one

hydrideand then (aftera temperaturechange)deliveritto the otherhydride.

Figure 2-6 traces the volume changes during an idealized hydride

refrigerationcycle.The cycle begins at a negligiblevolume, V8 (solidphase

hydrogen inthe hydride),cold temperature (Tc),and low pressure (Plo).Hydride

B desorbs a volume (VI) of hydrogen as itconsumes heat (endothermlcally)at

Tc. The gas iswarmed from Tc to the sink temperature (Ts)and inthe process

grows to volume, V2. Hydride A rejectsheat (exothermically)as itabsorbs

hydrogen atTs and PTo.During thisstep,the hydrogen volume decreases to V3,

the negligiblevolume of solidphase hydrideA. Hydride A isthen heated to Th

as the pressure rises to Phi. The volume, V4, remains negligiblebecause

W

/I"

................................................

Figure2-6. Thermal y..poweredrefrigerationcycle. The base
plane is me vant Hoff plot (In v vs. I/T). The

volumes, V through Va, show how the volume of
the gas ICnase. hydrogen, changes during the cycle.
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virtually* all or the hydrogen remains in the solid phase during the heating

process. At In Ph_and Th, hydrogen transforms back to the gaseous phase and

volume grows from V4 to V5 as hydride A decomposes endothermically. The

ratio VS/V2 = (Plo/Phi)(Th/Ts), neglecting compressibility. Hydrogen volume

then decreases from V5 to V6 as the gas phase cools from Th to Ts. Hydride B

rejects heat to the heat sink at Ts as it absorbs hydrogen (exothermically) and

volume becomes negligible again as V6 falls to V7. The cycle is closed as

hydride B cools to the cold temperature, To, equilibrium pressure falls to Plo,

and hydrogen volume remains negligible between V7 and V8.

Plots similar to Figure 2-6 could be constructed with other extensive

thermodynamic variables, such as enthalpy or entropy, in place of volume. The

general appearance and interpretation would be essentially unchanged. Volume

changes are easy to visualize as perpendicular to the In P vs. 1/T plane and thus

clarify the thermodynamic details of the process.

Figure 2-6 was drawn with only one heat sink, shared the by A and B

hydrides. This is not a necessary condition and, in general, the two hydrides

may be placed at different locations and release their heat to two different

heat sinks at greatly different temperatures. Figure 2-7 is a schematic of a

hydride heat pumping cycle wherein each hydride sheds heat to a separate
radiator. The temperatures of the heat source, heat sinks and coolant loop in

Figure 2-7 correspond to an example discussed in greater detail in Section 4.2

of this report. Figure 2-7 shows how hydride A acts as a heat engine,

consuming heat at a higher temperature and rejecting heat at a lower

temperature while doing work in the form of hydrogen compression. Hydride B

acts as a heat pump, extracting heat at a low temperature and rejecting it at a

higher temperature while consuming work from the compressed hydrogen flow.

The heat and hydrogen flows are illustrated as continuous processes for the

sake of clarity. These flows are actually pulsed as the hydride pair alternates

between absorption and desorption. The work done by A on B is the net result

of hydrogen exchange between the two hydrides during a complete cycle. Two
A-containers and two B-containers are shown to illustrate the need for two or

more hydride pairs to maintain continuous heat pumping

The preceding discussion of thermally powered hydride heat pumping cycles
has dealt with idealized representations of heat input and output between

metal hydride containers and their heat sources and heat sinks. Real hydride

*Hydride containers are designed to minimize empty space, which would

otherwise allow significant volume changes during the heating process.
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HEATPUMP I"

Figure 2-7. Thermodynamic sketch of thermal Dower transmission from a
remote heat source to a hydride heat pump.

containers are often formed from a plurality tubular pressure vessels, bundled

together and surrounded by a shell that contains flows of heating/cooling

fluid--i.e., tube and shell heat exchangers.

Figure 2-8 shows how two A-B pairs of hydride containers might be

arranged in a fluid system to provide a continuous flow of coolant to a manned

module. The four-way valves alternate the flow of pumped heat transfer fluids

through each pair, AI-B1 and A2-B2, so that one of the two B hydride

containers is always connected to the coolant loop in the module. The cooling

rate is regulated by flow control valves in the hydrogen lines.
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3.0 HEAT 50URCE5 AND SINKS
IN FUTURE SPACE MISSIONS

The performance of metal hydride thermal subsystems is strongly tied to
the availability of adequate heat sources and heat sinks. This places several

diverse subjects within the scope of this study because they influence the

temperatures and heat flows of potential sources and slnks In future

spacecraft, lunar and planetary bases, and associated vehicles. Power systems

are the primary sources of waste heat to be exploited by hydride devices, so

the thermal details of power systems projected for future space missions were

examined to determine how they might be interfaced with hydride components

In thermal systems. The environment was a major variable in the study

because it effects the heat load on thermal systems and the ability of radiators

to dissipate heat. Environments of interest included LEO, lunar and Mars orbits,

and space travel far from any environmental heat sources other than the Sun.

The prospect of surface bases presents some challenging environmental

conditions as well as unique opportunities to dissipate heat. Part of the study

effort was spent in understanding how metal hydride thermal system

components might dissipate heat to rock beneath the surfaces of the Moon and

Mars and in characterizing the heat transfer properties of the Martian
atmosphere.

3.1 HEAT SOURCESFORHYDRIDETHERMAL SUBSYSTEMS

A variety of power systems are under consideration for use in future space

activities. Solar dynamic power cycles or photovoltaics may be particularly
useful at either a polar lunar base or a transportation depot located at a

iibration point, because the Sun is virtually always in sight. Planar (flat plate)

photovolatic power systems do not offer easy access to the waste heat shed

from the back sides of the panels. Concentrating photovoltaics could be

designed to dissipate heat to heat exchangers that provide thermal power to

metal hydride devices.

It may be desirable, in some circumstances, to collect solar thermal heat

for the purpose of operating metal hydride thermal devices. Lower temperature

hydride applications may be served by planar arrays or simple body mounted
collectors. This might include the regeneration of EMU heat pumps with

thermal energy in the neighborhood of 400 K. Other hydride thermal

subsystems will need higher temperatures, from steerable solar concentrators.

Figures 3-1 and 3-2 show the estimated performance of solar thermal
collectors in Earth-Moon and Mars orbits (1352 W/m 2 and 583 W/m 2
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Insolation respectively). Four cases are shown In each plot; concentration
factors 2, 5 and 10, and the planar case (concentration factor ,,1). All

collectors are assumed to have absorptlvities of 0.9 and emissivities of O,i.

The reflectors for the concentrators are assumed to have a reflectivity of 0.9.

The prospects for solar thermal collectors are fairly good in Earth or Moon
orblts. Moderate temperature hydride applications (ca. 400 K) could draw about
1 kW/m 2 from a planar array. At hlgher temperatures (e.g., 700 K),

concentrating collectors wlth concentration factors of about 10 would provide

nearly I kW/m 2 in Earth or Moon orbits.
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In Mars orbit, the opportunity to use solar thermal energy is considerably
diminished by the reduced solar intensity. Figure 3-2 indicates that only 400
W/m 2 could be collected at 400 K by a planar array. A l Ox concentrating array

at 700 K could only provide about 350 W/m 2.

Bases at most lunar surface sites must operate in darkness for two weeks

at a time. Mars' surface is also affected by diurnal variations and the reduced

intensity noted in Figure 3-2 is further limited by its atmosphere. Clouds and

frequent dust storms, and seasonal variations contribute to the difficulty of

implementing solar electric or thermal power on Mars. The need for large

deployable structures complicates the use of solar power aboard spacecraft

which experience large accelerations. Nuclear power is a prime alternative in
each of these circumstances.

It has been decided that the SP-IO0 nuclear power system will be a

radioisotope thermoelectric generator (RTG) instead of the Sterling, Brayton or
thermionic alternatives (Harless, 1987). The use of nuclear power in

near-future spacecraft and planetary bases will likely be similar to the

SP-IO0. The more distant future may hold new alternative power conversion

methods (e.g., Bankston and Shirbacheh, 1986) as well, but in every forseeable
case there is an opportunity for acquiring waste heat at relatively high

temperature for powering metal hydride devices. Figure 3-3 indicates that the
mass of an SPIO0 RTG is minimized, in trade-offs between reactor and

shielding size vs. radiator area, at a temperature of about 930 K (657"C). This

is very high temperature waste heat compared to what has been used in most

terrestrial hydride applications. The higher temperatures will necessitate

some changes in the hydride materials, their containers and the heat transfer

fluids that carry heat from the nuclear power system to the hydride containers.
The SPIO0 RTG converts about 6% of its 1.67 MW heat output to electricity

(Ewell, 1981). That leaves up to 1.57 MW available as thermal power that

might be used to operate metal hydride cycles.

Fuel cells may also be useful as heat sources for hydride thermal cycles.

Regenerative fuel cells could supplement solar power systems on the dark
sides of orbits, and chemical reactants could power surface vehicles via fuel

cells. The thermal power rejected from a fuel cell is comensurate with its

electric power (i.e., _50% efficient). Fuel cell waste heat rejection

temperatures are typically <IO0"C.

The key to effective use of waste heat to power metal hydride devices lies

in understanding that the heat must eventually be rejected at a lower

temperature. This necessitates larger radiator area with consequential costs
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in terms of mass and volume. Hydride devices in space can pay for their

passage in severalways. One way isby conservingelectricpower so that the

mass credit associated with reducing the load on the power system

compensates for the mass of the hydridedevice,includingthe extra radiator

area. The SP-I00 RTG has a projectedmass of about 2800 kg (Giudici,1986)

and a capacityof I00 kW, so the power-mass "penalty"added to the mass of an

electricallypowered subsystem is 28 kg per kW, plus additionalmass for

power conditioning,distribution,and thermal management.

A second way to reduce electricpower system mass with hydridethermal

subsystems isto reduce the need for stored electricity.This accrues a mass

credit for conserving electricity,and an additionalmass creditfor reducing

electricalstoragerequirements.Storagerequirementscontributesignificantly

to the 159 kglkW power-mass penalty of the solar powered Space Station's

referenceconfiguration(NASA, 1984).

3.2 ENVIRONMENTAL CONDITIONS

Temperature and its variability in each particular space mission determine

the types and sizes of thermal system components that will needed. On Mars, a

food storage freezer might be simply an uninsulated box exposed to the
environment. On the Moon that same box would alternately become a freezer

and an oven in a two week cycle.

SPACECRAFT ENVIRONMENTS

Assembly and checkout of lunarand planetaryspacecraftpriorto departure

and post returnoperationsmay take place InLEO orat transportationdepots at

Earth-Moon or Sun-Earth llbrationpoints. An orbit(ca.90 mln.)coordinated

with the Space Station would facilitate interaction with the Space

TransportationSystem. IfLEO is the alternativeselected,the thermal control

system must be capable of coping with orbitallight/darkcycles and Earth's
albedo and IR emission. LEO will be the warmest spacecraft thermal

environment forspacecraftbound forthe Moon or Mars. Table 3-I compares the

solar,reflected,and IR fluxesInlow orbitsaround Earth,the Moon and Mars. IR

emission varies with surface temperature, emissivity, and atmospheric

composition (CO2, H20) and conditions(clouds,dust, etc.)on Earth and Mars.

The solarintensities,albedos,temperaturesand emissivitiesused to construct

Table 3-I were obtained from the literature(MartinMarietta, 1970; Kopal,

1971; Alter and Cleminshaw) with Judgement by the authors where ranges of

values were publishedor where there was a disagreement inpublishedvalues.

The values used are listed in the "Notes" column at the right of Table 3-1.

3-5



Table 3-1. Nominal solar, reflected, and infrared fluxes in low orbit around

Earth, the Moon and Mars. All values are in Watts per square meter

(BTU/hr per ft 2 in parentheses).

Earth

Solar Reflected IR

1352 (429) 406 (129) 236 (75)

Notes

Data from Mar-
tin Marrieta, T-
70-48874-011

Moon 1352 (429) 95 (30) 200 (63) Calc. @ A=O.07
Ts=253K, _ =0.9

Mars 583 (I 85) 87 (28) 38 (12) Calc. @ A=O. 15
Ts = 165K, c=0.9

Table 3-1 shows that all radiant fluxes are significantly reduced in low

lunar and Mars orbits. It is also significant that Mars orbits may not be "low",

in the sense of nearly hemispherical exposure to the planet. Higher orbits will

be colder yet. During the greatest portion of a Mars mission, the spacecraft

will be in transit, too far from the Earth or Mars for either of them to influence

thermal system performance. The Sun is the only source of radiant energy that

must be considered during Earth-Mars space travel. As indicated in Table 3-1,

nominal solar intensity ranges from 1352 W/m 2 (429 Btulhr-ft 2) near the

Earth, to 583 W/m 2 (185 Btu/hr-ft 2) as the spacecraft approaches Mars.

It would not be efficient to optimize hydride subsystems or other thermal

control system components for LEO and then carry the excess mass on missions

to cooler orbits. The advantages of deployable, steerable radiators in cold

environments may not justify their added mass and complexity. Body-mounted

radiators or single-axis radiators mounted to structural booms could serve

nearly as well, once the spacecraft departs LEO. If hydride subsystems were

compromised to operate with a restricted radiator capacity in LEO, their

masses would increase (lower AT-->longer cycle time-->greater mass for a

given heat flow). An auxiliary system could serve the temporary thermal

control demands, while the spacecraft is in LEO. The auxiliary thermal control

system could be left behind when the spacecraft departs LEO. This potential

hydride application will be examined in Section 4 of this report.

LEO is not the worst case orbit for thermal storage. The orbital periods of

some spacecraft may be much longer than LEO. High Mars orbits of 24 hours or

more are under consideration to minimize round-trip propellant requirements

(Babb and Stump 1985l The dark side of a Mars orbit might be 4 hours or more.
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THE LUNAR ENVIRONMENT

The nominal solar intensity at the Moon is the same as LEO, averaging 1352

W/m 2, The 29 day lunar cycle is the longest diurnal cycle in the Earth-Mars

system. During the 2-week lunar day, surface temperatures rise to 405 K
(270"F), and the 2-week night drops temperatures to 105 K (B. French, 1977).

Polar sites may avoid most of the diurnal variation, and temperatures are

thought to be less than 100 K in the shade (Burke, 1984). Thermal control

system types and capacities will be strongly influenced by site selection.
Polar sites could be powered by solar energy throughout the lunar cycle

whereas nuclear power seems the only realistic alternative at other locations.

The environment is relatively constant at the poles so thermal storage

requirements are not unreasonably large.

Radiators on the Moon are likely to be ultralight panels lain flat on the

surface to minimize structural mass. During peak daytime periods these
radiators will receive the full radiant input of the sun, and the albedo and IR

inputs from nearby tall surface objects (e.g., mountains, structures). On the

Moon it is apparent that the performance of present state-of-the-art radiators
in worst case insolation will fall off rapidly at temperatures below about 300

K at all but polar sites. This points to a need for some type of heat pumping or

very large thermal storage capacity to manage lower temperature heat loads,

including metabolic cooling and refrigeration, during peak daylight periods.

Passive temperature stabilization in surface structures on the Moon is a

challenging task that may only become feasible in growth phases of lunar base

development if thermal storage materials (e.g., hydrides) are manufactured on

the Moon. Landers, rovers and above ground structures could be well insulated

to minimize Inward heat leak during the lunar day. The thermal control system
would remove the Small inward heat leak plus Interior heat loads by heat

pumping. Nuclear power systems can provide adequate heating during the lunar

night. For thermal stability, as well as for shielding against solar and cosmic
radiation, living and working structures will probably be located underground.

Loose soil (regolith) in a hard vacuum is good insulation (B. French, 1977). A
few meters under the surface, the temperature is nearly constant at 253 K

(-5"F). It may be possible to locate the lunar base in the nearly constant

temperature environment of volcanic lava tubes (H6rz, 1984).
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THEMARTIAN ENVIRONMENT

The use of radiators on the surface of Mars is a difficult problem to
analyze because Mars' sky is so variable. The "brightness temperature" of an

object, TD, is the temperature at which a black body emits the same spectral

radiance as the object. Tb in the Martian sky reaches its minimum value of

about 130 K near the south pole during the southern winter. Maximum

southern summer Tb values of about 230 K occur at moderate latitudes.

During the southern summer (northern winter), global dust storms contribute

to the IR opacity of the atmosphere, raising temperatures all over the planet.

In addition to radiant cooling, radiators and other heat exchangers on

Mars will shed heat to the thin atmosphere by convective cooling. Library

computer searches* did not turn up any published information on the heat

transfer properties of the Martian atmosphere. There is, however, enough

published Information about the pressure, temperature, and composition of

Mars' atmosphere (Kllore, ed., 1982) to allow these properties to be

calculated. :.

Neglecting trace amounts of minor constituents, the Martian
atmosphere has the composition described In Table 3-1 I.

Table 3-11. Major constituents of the Martian atmosphere (Seiff, 1982).

Component Mole Fraction Molecular/Atomic

Weight

CO2 0.9555 44.009

N2 0.0270 28.018

Ar 0.0160 39.961

02 0,0015 31.998

The molecular and atomic weights of N2 and Ar are slightly different from

the corresponding terrestrial values because of the slightly different

isotopic ratios for these two elements on Mars (Owen, 1982). The average

molecular weight for this model Martian atmosphere turns out to be 43.494.

* Both the Colorado Association of Research Libraries and the Lunar and
Planetary Institute in Houston ran several obvious key words to no avail.
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Transport propertiesof the Martian atmosphere were calculatedby

determiningvalues of constant pressure heat capacity Cp, viscosityp, and

thermal conductivityk,for each of the four separate compounds, and then

combinlng these lasttwo by themixing rulesof Wilke (Edwards et al.,1976).

Densities were computed from the Ideal gas law, allowing the Prandtl

numbers to be completely determined, and supplying the fluid-dependent

properties for the complete determinationsof the Reynolds, Grashof and

Nusseltnumbers ineach partlcularheat transfergeometry.

Heat capacitieswere determined as functionsof temperature for the

individualmolecules by the rigidrotor harmonic oscillatorapproximation

(Hill,i960),and then convertedback to molar values and summed over mole

fractions.Both the viscosityand thermal conductivitywere determined for

the Lennard-Jones 6-12 potential(Hirschfelderet al.,1964) involvingthe

omega collisionIntegrals(ibid.)asfunctionsof temperature.

The calculated Martian planetary surface atmospheric transport

propertiesfor the four constant-compositlonmodel atmospheres given in

Selff(1982) are presentedinTable 3-111.

TABLE 3-111. Martian planetarysurface atmospheric transportproperties

computed from Lennard-dones6-i2 potentialmodel.

Atmosphere T P k Pr =
Description (K) (mbar)_kglm 3) _o°IkgK) _Pas) (WIm.K) Cpplk
(REF)

Dally& northern
summer-seasonal 214
mean mldlatitude

Daily& southern
summer-seasonal 2 i4
mean mldlatltude

Cool,low pressure
mldlatitudedaily 204
mean

6.36 1.58 E-2 7.52 E+2 1,10 E-5 1.09 E-2 0.758

7,3 1,81 E-2 7.52 E+2 t,10 E-5 1.09 E-2 0.758

5.9 1.53E-2 7.42 E+2 1.05E-5 1.03E-2 0.754

Warm, highpressure
midlatitudedaily 224 7.8 1.85E-2 7.63 E+2 1.15E-5 1.15E-2 0.760
mean .... _.... _.......
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With the transport properties collected in Table 3-I If, values of the surface
convective heat transfer coefficient h (W/m2K) were calculated (Eckert, i974)

for configurations that would be potentially useful for cooling hydrides as well
as other thermal system components on Mars. Table 3-1V shows the results for
both Martian and Earth surface conditions. The right hand column of Table 3-1V

indicates the relative performance of each case as a ratio hEarthlhMars.

The last two lines of Table 3-1V are for the values of the height H of the
rectangular duct of width 1.0 m that make the Reynolds number equal to 2800,
the transition limit between laminar and turbulent flow between parallel
plates (Edwards et al., 1976). The surface atmospheric velocity of 10 m/s

(22.4 mph) is a good average for the widespread Martian winds modeled for

midlatitudes (Leovy, 1982), although it is too high for average winds on the
Earth's surface.

Of the configurations considered below, that of cylinders with forced
crossflow convection seems to have the most promise for use on the Martian

surface.

The combined effects of radiation and convection in the Martian atmosphere

will improve the performance of heat dissipating panels, such as those in the

portable life support systems (PLSS) of EMUs. Nonventing EMUs for the Space

Station will have approximately 1 m2 of radiator surface at a temperature of

up to 319 K (115"F). If the same radiator area and surface temperature were

available on a Mars EMU, convection would provide additional heat rejection

capacity. Modeling the backpack of the EMU as a vertical panel, Table 3-11

indicates that 1 m2 of vertical panel area will shed between 0.20 W/K (no

wind) and 0.42 W/K (10 m/s wind), depending on wind conditions. A typical

temperature difference might be 319 K - 214 K = 105 K. The improvement in

heat flow would be between 21W and 44 W depending on wind conditions.

The availability of CO2 and H20 from the Martian environment appears to be

a prime alternative for refrigeration, heat pumping, and thermal storage
applications. It is possible that a Mars base would be located near one of the

poles to gain access to the "dirty water ice" caps. In that case, the solid

C02-H20 mixture, gathered from the surface, could serve as a refrigerant. Cold
plates in reservoirs on vehicles, EMUs, etc. could provide an effective and

ultra-simple cooling method in circumstances where direct radiation plus

convective cooling are inadequate. The sublimation and boiling properties of

the solid and liquid phases or co 2 and H20 were included in Table l-I to
contrast them with the alternatives.
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TABLE 3-IV. Value_ of surface convective heat transfer coefficients, h
(W/m .K) for selected flow and geometry. All cases were
evaluated for both the planeta_ surface Martian Nominal
Model Dally. & Southern Seasonal Mean Midlatitude Atmosphere
(214 K and 7.3 millibars (Seiff, 1982)) and for nominal Earth
surface conditions (288.7 K and 1.0 arm). Laminar or turbulent
flow are indicated as (L) or (T).

Configuration hMars (SI) hEart h (SI) hEarthlhMars

Vertical flat plate
Forced convection
@ 10 m/s and
1.0 m from leading edge

0.42 (L) 28.5 (T) 68

Vertical flat plate
Natural Convection 0.20 (L)
@ 1.0 m from leading edge

2.84 (T) 14

5/8" OD cylinderswith
Forced convection
Crossflow @ iO mls

5.6(L) 80.7 (L) 14

Rectangular duct with
1.0 m width, variable
height H, and 10 m/s
forced convection:

H-O.1 m

H = 1.Ore

H - 2.03x 10.3 m
(transitional H on Earth)

0.76 (T)

0.54 (T)

34.3 (T) 45

24.4 (T) 45

146(T), 96.2(L)

H = 9.3x10 -2 m 0.77 (T), 1.02 (L)
(transitional H on Mars)

(Comparison made at transitional H) 190(T),94(L)
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At mid-latitudes on Mars, CO2 could be liquefied from the atmosphere by

compression or solidified by refrigeration. The CO2 pressure-enthalpy diagram

(CanJar et al., 1966) is shown in Figure 3-4. In the atmospheric pressure range

of Mars (ca. 8 x 10.3 Earth atmospheres), CO2 will solidify at about 150 K

(-190°F). A refrigerator cold plate below this temperature would extract

crystals of solid C02 from the atmosphere that could be used for a variety of
thermal system applications. At pressures above the triple point (5.1 Earth

atmospheres) the liquid phase could be formed In condensers and used as a

working fluid in heat pumps or refrigeration cycles at temperatures up to the

critical temperature of 304 K (88°F). An idealized -30°C (-22"F) refrigeration

cycle, A-B-C-D, with a 3.4:1 vapor compressor and heat rejection to a 15"C

(59"F) radiator, is drawn in Figure 3-4 as an example of how CO2 might be used
In thermal control applications.

PHOBOS'AND DEIMOS' ENVIRONMENTS

Mars' satelites, Phobos and Deimos, may be carbonaceous chondrites that
contain precious volatile elements (Duke, 1986). If hydrated minerals are

exploited for propellants, etc., a portion of the water produced could be used in

Shuttle-type sublimation coolers. The gravimetric and volumetric heats of

vaporization of water in its liquid and solid phases were listed in Table l-I.

The solar intensity, Is, in Mars orbit at the surfaces of Phobos and Deimos
ranges between 487 and 709 Wlm 2 compared to the Moon and Earth range of

1309 to 1399 Wlm 2 (Giudici,1986). The worst case environment for radiators

on a martian moon occurs at noon at an equatorialsite during the closest

approach of Mars' ellipticalorbit to the sun. Assuming a present

state-of-the-artradiatorsurface(Ag-backed TFE, c_= O.I0, ( = 0.75),placed

flaton the surface,theradiantheat fluxIscalculatedas follows:

= O.I0 (709 Wlm 2)- (5.66g7x I0"e W/rn 2 K'4)(0.75)Tr4

The outward flux (negative), as a function of temperature, is plotted in the 200

- 400 K range in Figure 3-5. It is apparent that low temperature heat rejection

in a worst case environment at Phobos or Deimos will require a significant

radiator area. For example, metabolic heat rejection (277 K) for a crew of 3

would require about 5 m2 (54 ft 2) of radiator area. One kW of refrigeration
(250 K) corresponds to 13 m2 ( 140 ft 2) of radiator area under these conditions.
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3.3 CONDUCTION OF HEAT INTO SUBSURFACE ROCK

The surfaces of Earth's Moon, Mars and its moons have immense heat

capacities that could serve as sinks for thermal systems (Comer, 1986)

Drilling equipment will be needed for a number of scientific and

construction-related purposes at lunar and planetary bases. Blaclc, Rowley and

Cort (1986) describe several drilling techniques that may be used on Mars. The

equipment shown in Figure 3-6 ls intended to bore holes up to 100 m deep and

15 cm in diameter. For similar purposes, Rowley and Neudecker (1984) have

discussed drilling equipment for use on the Moon. The drill holes might serve a

number of useful purposes beyond that for which they were originally bored.

There may be a permafrost layer of water ice below the surface of Mars that

could be melted and withdrawn from the hole while dissipating waste heat

from power or thermal systems (Duke, 1986).

Since the mass of the drilling equipment can be written off against its

primary purposes, drill holes might be a very efficient means of dissipating

heat in terms of mass and volume launched from LEO. The heat exchanger to be
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Figure 3-7. Gravity flow pumped ammonia heat pipe carries heat

from the heat exchanger to subsurface rock.

inserted in the hole would be the main item transported from Earth. If its mass

and volume were significantly less than the alternatives, such as radiators or

atmospheric heat exchangers (Mars only), the concept could have merit. Among

other advantages, the subsurface heat exchanger is protected from meteorites,

Figure 3-7 shows a series of heat pipe segments linked together and

installed in a drill hole in a manner similar to drill rod assembly. This could be

accomplished by the drill rig with no extra tooling. After installation, a high

conductivity epoxy or a cement formed from local materials might be poured

around the heat pipe and any other down hole items such as a water extraction

pump, tubing and instrumentation.

In Boundary Value Problems of Heat Conduction, M. Necati Ozisik solves the

problem of conducting a steady heat flux from a cylindrical hole into a

surrounding medium utilizing the heat conduction equation in cylindrical

coordinates. Assuming that the initialtemperature of the medium is TO at

time zero, a temperature change AT = T(r,t)- T o will be transmitted into the

medium adjacent to the hole. Assuming temperature independent thermal

properties, the solution of the problem is not affected by the particular value

of T o. It simplifies the notation to assume that To = 0 so that _T = T(r,t). A

temperature distribution of the form T=(ai + a2r + _r 2) In r is assumed which

closely approximates a more lengthy exact solution to this problem (Ozisik,
i 968).
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Figure 3-8. A constant heat flux, f is conducted from

a cylindrical hole to a growing "thermal layer"

c_(t) thick in the surrounding medium.

The unknown coefficients ai, a2, a3 are determined from three conditions:

1) flux at r=b is constant; 2) flux at the boundary of the thermal layer is zero;

and 3) temperature outside the thermal layer - O°C. Conditions 1), 2), and 3)

are shown respectively below:

-k =f
r-b

=OoC

For any time, t the thermal layer thickness, a(t) is found by utilizing the

following equation in conjunction with an integral halving technique.

at-_ _72n2-g6n+36)In n- 13n4+36n2-32rl,91
b2 " 1_,4(q- 1)(2in q,q- 1) " J

where

r) = I + a/b

The temperature at the surface of the hole may then be calculated since

temperature is a function of the thermal layer thickness (a). It turns out to be:

IT = k b
r"b

2In(1 +(<)/b)) + <_/b
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Uslng these relationships,a computer program has been written that finds

time and hole temperature when values are inputfor a thermal layerthickness

and steady state heat flux applied to the heat exchanger surface. Other

necessary inputvalues are the propertiesof the thermal layer. Specifically,

these propertiesare thermalconductivity,k;specificheat,Cp; and density,p.

Basalt is typical of the rock under a thin layer of regolith In the lunar

maria. There may also be thinly covered basalt layers in the volcanic regions

of Mars. The following basalt properties were used in order to simulate a
lunar/martian subsurface heat sink.

9basalt= 2790 kglm 3

kbasalt= 2.17 Wlm K

CPbasalt= 837.2 Jlkg K

2O

i5

io

5

0

I

I I I I I T

2 4 6 8 I0

F_DI V,S,m

Figure3-9. Variationof rock temperature with radiusfrom the
centerofa I0 cm diameter holeafter IEarth-year
of use as a heat sinkfora I00 Wlm _ thermal load.
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Figure 3-9 is a profile of temperature versus radius within the thermal
layer in a basalt heat sink after a working period of one year at a heat flux of
i00 Wlm 2. The maximum AT at the heat exchanging surfaceisonly about i3 K

aftera year of service.The thermal layerextends to a radiusof 18.25 meters

inthisperiod,but the increasein temperature isless than 2 K only 4 meters

from the surfaceof the hole.

Figure3-I0 shows how the temperatureat the holeradius,b= 5 cm changes
with time at differentheat fluxes. The subsurface rock of the Moon, Mars,

Phobos and Deimos are all cold enough to provide adequate metabolic and

equipment cooling at reasonable heat fluxes for many years. For example,

suppose that an equipment cooling loop dissipates a steady heat flow of 10 kW

into a 5 cm radius x 100 m deep hole in the floor of a lunar cave for a period of

1 year. The hole would have an inside surface area of 31.4 m2 so the heat flux

would be 0.318 kW/m 2. Figure 3-10 shows data for 0.I kW and 1,0 kW,

bracketing the heat load of this example, and indicates a temperature rise of
about 30 K at the end of 1 year. The original temperature of the lunar rock

would be about 253 K, so the inside of thehole would have reached 283 K--

still cool enough for an equipment loop (ca. 293 K or 20°C). The curves are

nearly flat as they pass the 1 year mark so several more years (perhaps
indefinite) service can be expected from the sink.
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Figure 3-10. Temperature rise vs. time in log-log coordinates for
several ranges of heat flux from a 5cm radius hole in
basalt.
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As a check on Ozisik's model and HCI's programming, a numerical

integration of the sensible heat content of the rock from rib to r-c_(1 year) was
made and compared to the cumulative heat dissipated at a steady rate of 100

W/m 2 for I year. The two calculations agreed within 1% that 10QJoules would

be absorbed by the basalt for each meter of hole depth at the end of 1 year.
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4.0 HYDRIDE APPLICATIONS IN

FUTURE SPACE THERMAL SYSTEMS

The preceding sections of this report have outlined the use of metal

hydrides in thermal systems and the environmental factors that will determine

the operating conditions of thermal systems in future space activities. This
section will combine that Information to identify concepts for utilizing

hydrides to enhance thermal system performance in future space missions,

Most of the cooling requirements in space or at lunar and planetary bases

could be served by direct radiation. However, the radiator area needed for each

unit of thermal power rejection grows as the temperature of the cooling load

decreases. The radiator area requirement for a given mission will decrease if

heat pumping is used to increase the rejection temperature and if thermal

storage is available to buffer the peak heat loads. As explained in Section 2 of

this report, hydride thermal subsystems can perform as heat pumps and as

thermal storage devices (see Figs. 2-4 and 2-5).

Viable heat pumping and thermal storage alternatives must provide overall

system improvements in terms of mass, volume, power consumption, drag and

many intangible factors, compared to a simple (but large) radiator. Hydride

refrigerators, heat pumps and thermal storage devices are thermally powered.

They compete well with electrical cooling alternatives when a suitable heat

source and sink can be provided without unreasonable system compromises.

Reduction of radiator area via electrically powered (i.e., vapor compression or

thermoelectric) heat pumping suffers from the power-masspenalty (e.g., 159

kg/kW on the Space Station) amplified by certain system inefficiencies

(Sadunas and Lehtinen, 1985). Hydride thermal subsystems only require

electric power for liquid circulation, so a large mass credit applies relative to
electric alternatives.

For some applications, the most important advantage of hydride thermal

subsystems is their compactness. Table t-I compared hydrides with other

thermal storage materials on the bases of gravimetric and volumetric energy

densities. Hydrides are the most compact non-venting alternative. This

feature of metal hydrides is particularly advantageous in applications where

mobility is critical. A prime example is a metal hydride heat pump for the

regenerable nonventing thermal system of advanced extravehicular mobility
units (EMU's) for the Space Station (Lynch and Riter, 1987). The same
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advantages will pertain to advanced EMU's for future missions, and to other
systems, such as rovers,where mobility will be hampered by largeradiators.

In advanced stages of future space activities, raw materials may be mined

and processed at the Moon, Mars, Phobos and Deimos. Hydrides are one of the

few thermal storage alternatives that could be produced by refining known

lunar and planetary Martian resources. I lmenite (FeTi03) is a prospective

feedstock for lunar oxygen production plants (Crlswell, 1980; Williams and
Mulllns, 1983; Haskin, 1984; Gibson and Knudsen, 1984). Lunar thermal

systems, based on FeTi-hydride, could be expanded indefinitely by further

refinement of oxygen plant by-products. Other lunar and Martlan minerals (e.g.,

ollvlnes, pyroxenes) contain metals that would be useful for producing

hydrides.

NASA's desire for commonality also encourages the use of hydride thermal

subsystems slnce hydrogen is the working fluld. This presents opportunities

for shared supplies between the thermal system and other hydrogen-related

systems such as ECLS, fuelcellsand cryogenic propulsion.

Internalstudies at HCf also indicate that hydride thermal systems could

synergistically provide shielding from solar and cosmic rays and nuclear

radiation from power systems (see Section 4.5). Such dual use of hydrides

could reduce the shielding mass that would otherwise be necessary on all

extended missions outside of Earth'smagnetosphere.

Each of the attributes of hydrides mentioned above will be illustratedIn

the following serles of examples of hydride use In future thermal systems. The

future space mlssions are not well defined at present, but the literature

(Mendell,ed. 1985; Duke and Keaton, eds., 1986) provides a range of possible

missions for which thermal system requirements may be projected.

4.1 LEO THERMAL ACCESSORY

Section 3.2 discussed the thermal environments that will be encountered by

spacecraft in lunar and Martlan misslons. Table 3-I indicates a significantly

higher radiant flux in LEO than in subsequent space travel or low orbitsaround

the Moon or Mars. In low orbits (e.g.;360 km earth orbit, I00 km lunar orbit)

the horizon subtends about 5 steradians of solid angle. At midday, the sum of

the reflectedsolar and IR flux incidenton a square meter of surface facing the

earth will be about 510 Wlm 2 (162 Btulhr-ft2). The same downward-facing

surface at midday in low lunar orbit will intercept only 235 Wlm 2 (75

Btulhr-ft2),and In low Mars orbit,only 99 Wlm 2 (32 Btulhr-ft2). Sun-facing

surfaces In Earth and Moon orbits will see about 1352 Wlm 2 (429 Btulhr-ft2)

4-2



of solar flux, while Mars orbits will average only 583 W/m 2 (I 85 Btu/hr-ft2).

Earth orbit is clearly the warmest environment, and Mars orbit the coldest.

Spacecraft surfaces and radiators will see 2.3 times as much insolation in LEO
as in low Mars orbit and 5.2 times as much IR plus albedo. An additional factor

is that Mars orbits may not be low (periods of 24 to 48 hours are under

consideration) so IR and reflected solar radiation may be even less.

Clearly,a spacecraft thermal system designed for LEO will be much heavier

than one of equal capacity for Moon or Mars orbits. For the same reasons that

propulsion stages are left behind, it makes sense to detach excess thermal

system capacity from a spacecraft before it leaves LEO. A detachable

accessory thermal system, optimized for LEO, could provide extra radiator

area, thermal storage, heat pump capacity, etc.,without compromising the

thermal system of a spacecraft bound for a cooler orbit. Figure 4-1 is a sketch

of the concept showing an LEO accessory thermal system attached to a

spacecraft priorto departure for Mars.

The excess thermal load could be rejected from accessory radiators. The

size of the accessory radiators can be reduced by heat pumping. Hydrides could

provide this heat pumping with very littleincrease in electric power demand

because they are thermally powered. The only electric power needed Is for

circulationof fluids.

Section 3.1 summarized the opportunities to use solar thermal energy for

powering metal hydride devices. In LEO, each m2 of selective collector surface

(a = 0.9, _ = O. 1) could provide about 1 kW of thermal power to a hydride heat

pump. A flat plate collector on a sun-facing surface could provide the thermal

power for the hydride heat pump, while the steerable radiators on the LEO

thermal accessory dissipate the heat to space.

The process is illustrated in Figure 4-2. The upper half of the figure shows

heat, applied by a solar thermal source, driving hydrogen out of hydride A and

into hydride B. The heat liberated by hydride B as it absorbs hydrogen is

dissipated by the radiator. This is the charging process that prepares the

hydrides to deliver their cooling power (see Figure 2-5).

The lower half of Figure 4-2 shows the cooling process. Hydride B absorbs
heat from the coolant loop as it desorbs hydrogen. The hydrogen flows into

hydride A where it is absorbed exothermically and the heat of the reaction is
shed to the radiator.
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Figure 4- I. Mars-bound spacecraft in final assembly and checkout

phase in LEO receives supplementary cooling from a

detachable accessory thermal system A metal hydride

heat pump in the thermal system module extracts heat

from the Mars module's equipment loop and rejects it

via steerable radiators.
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Figure 4-2. Illustration of the heat flow in a hydride.heatpump
for an LEO auxiliary thermal system, sucn as rig. 4-i.

A solar thermal powered heat pump cycle for an LEO auxiliary thermal

system would resemble Figure 4-3. The cycle begins in the upper right hand

corner of the figure at Point 1, where a 134"C (273'F) solar thermal heater

supplies heat to hydride A. At that temperature, hydride A's equilibrium

pressure is 1960 kPa (284 psia). Hydride B is in thermal contact with a 48"C

(118°F) radiator at this time, and its equilibrium pressure is 980 kPa (142

psia). The ratio of the two hydrogen pressures is 2:1. This pressure ratio will

cause hydrogen to flow from hydride A to hydride B if the valve between the

two is opened (see Figure 2-5). Typical hydride heat exchanger designs (ca. 0.5

inch tubes) will permit the transfer of 90% of the total hydrogen content from
A into B in about 600 seconds under these conditions.
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powered metal hydride neat pump Tor an LEO auxiliary thermal
system.

The transfer of hydrogen from hydride A, at point !, to hydride B, at point

2, increases the chemical potential energy of the hydride pair. The work needed
to accomplish this comes from absorbing heat at a higher temperature (134"£)
and rejecting heat at a lower temperature (48°£). During this part of the

process, the system performs like a heat engine. The dynamic transfer of
hydrogen from A to B does not occur at the nominal equilibrium

pressure-temperature conditions at points 1 and 2. The pressure throughout

the system will be virtually constant during process 1-2, somewhere between
1960 kPa and 980 kPa (computer model HAWK predictsabout 1400 kPa).

HydridecontainersA and B wlll have temperature gradientsInsidethem, A

beingcoolerthantheheatsourceand B beingwarmer thantheradiator.
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Hydride B is subsequently connected to a 20"C (68"F) coolant loop,such as

the equipment loop in a Mars module. This corresponds to equilibriumpoint 3 in

Figure 4-2. At 20"C, the equilibriumhydrogen pressure of hydride B is 290 kPa.

Hydride B extracts heat from the 20"C equipment loop as itreleases hydrogen.

At this time, hydride A is thermally connected to the radiator at 48'C (ll8"F)

and its equilibrium pressure Is 145 kPa. Hydride A's nominal equilibrium

condition is represented as point 4 in Figure 4-2. The equllibrium pressure

ratio during the transfer process is 2:i. The dynamic operatlng

pressure-temperature coordinates are displaced from points 3 and 4 by APs and

ATs that promote chemical reaction and heat transfer.

Computer slmulations of 90% complete hydrogen transfer between a pair of

state-of-the-art hydride containers indicatethat the hydride heat pump cycle

of Figure 4-3 could operate at a rate of one round-trip cycle every 20 min.

Several smaller units operatlng in parallel would be needed to extract heat

from the Mars Module at a steady rate. Each kW of heat flow extracted would

requlre about i3 kg of alloy. Adding the mass of the containers (wet), the

estimated heat pump mass is 16 kg per kW of cooling power. The solar

collector(ca. I m 2 of planar array per kW at 407 K, see Fig.3-I) would add to

the totalmass of the accessory thermal system.

Detailed trade-off studies would be needed to determine the merit of

addlng the mass of the heat pump and solar collector to reduce the radiator

area. The particularoperating conditions of Figure 4-3 led to a 20 minute heat

pump cycle. If the solar thermal heat source were replaced by heat at higher

temperature (e.g.,concentrated solar or nuclear waste heat) faster cycles and

lighter hydrides, such as MgH 2, would be possible. The following example

considers the use of waste heat from an RTG to power a MgH 2 vs. FeTiH

metabollc cooler.

4.2 HYDRIDE COOLER BASED ON LUNAR MATERIALS.

The rare earth nickel hydrides used In the preceding example could be

manufactured from lunar minerals that are relatively diffuse. Other types of

hydrides could be obtained from abundant lunar materials. Typical lunar soil

contains about 5 wt % ilmenite, FeTi03 (Williams, et al., 1929). Apollo 15

"green clods" (about 17 wt % Mg0) represent up to 20 percent of the soil by

volume in some locations (Taylor, 1975). These minerals could be refined on

the moon to produce oxygen for propulsion and life support, and metals for

hydride thermal devices. The metal reactants account for most of the mass of

a hydride subsystem, so the mass transported from Earth (heat exchangers,

controls, etc.) would be significantly reduced.
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Figure 4-4 shows the relationship of the components for a hydride cooler,
powered by waste heat from a nuclear power system. The hydride draws heat

from the cooling fins of a radioisotope thermoelectric generator (RTG), rejects

heat to an auxiliary radiator panel, and supplies coolant to the thermal control

system of a lunar base. The larger cross-hatched lines carry heat transfer

fluids. The smaller lines carry hydrogen. Two A-B pairs of hydrides opperate

in an asynchronous cycle to provide a steady flow of coolant. The relative

placement of the components in Figure 4-4 is for conceptual purposes only. The

RTG might be located in a small crater for shielding purposes and the other

components could be placed outside the rim of the crater.

Figure 4-5 maps a plausible cooling cycle. Process 1-2 is the recharge

process, during which chemical potential energy is stored. At point 1, heat is

supplied to MgH2 in an A module at 450°C (842"F) as it desorbs hydrogen. The

enthalpy of the desorptlon reaction, MgH2_Mg+H 2 is 75 kJ/gram-mole (16,100

Btu/Ib) of H2 desorbed. Waste heat is intercepted, on its path from the cold

shoe of the thermoelectrics to the RTG's radiator, by the fluid loop. At point 2,

the hydrogen flows into a B module at 53°C (127°F). The enthalpy of the

absorption reaction, 2FeTI+I_-,2FeTiH, ls 28 kJ/gram-mole (6030 Btu/lb) of

H2. This heat is dissipated through a lower temperature portion of the

auxiliary radiator area.

After process 1-2 is complete, an A module is cooled by the auxiliary

radiator from point I, 450°C (842"F), to point 4, 286"C (547°F), in Figure 4-5.

At the same time, a B module cools itself from 53"C (127°F) to 6"C (43"F) by

desorbing a fraction of its hydrogen content adiabatically. This moves hydride

B from point 2 to point 3 in Figure 4-5. Cooling process 3-4 begins when fluid

from the refrigeration load (a lunar base metabolic cooling loop?) starts

circulating through a B module. Each gram-mole of hydrogen gas (4.4x10 -3 Ib)

desorbed from a B module, by the reaction 2FeTiH-,2FeTi+H 2, corresponds to 28

kJ (27 Btu) of cooling. The gas flows to an A module where it is absorbed, by

the reaction Mg+H2-,MgH2, releasing 75 kJ(71 Btu) of heat to the auxiliary

radiator for each gram-mole of H2 absorbed.

The objective of this active cooling process is to reduce radiator area, and

consequently to reduce the mass and volume of equipment transported from

Earth. To gauge the benefits of heat pumping at the peak of the solar day, it is

assumed that all radiators are lain flat on the surface of the moon, have a solar

absorptivity,<_s=O,I0,and an infraredemissivity, _ir=0.75.
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Neglecting nearby tall structures and mountains, a vertical facing radiator only

"sees" the sun and black space (ca. 0 K). Therefore, each m 2 of radiator will

reject heat at a rate that is related to radiator temperature, Tr, as follows:

= 0,I0(1552 W/rn2)-(5.66g7 x lO'eW/m2K'4)(O.75) T_

where I_ is the nominal solar intensity and a is the Stefan-Boltzmann constant.
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Direct radiation of the 6'C (43°F) cooling load could have been
accomplished at a heat flux of 123 W/m 2 (39 Btu/hr-ft 2) An active 6-member

crew might produce about 1800 W (6137 Btu/hr) of metabolic heat, so 14.6 m 2
(158 ft 2) of radiator area would be needed.

The thermally powered heat pump described above could handle the same
1800 W heat load with 5.2 m 2 (56 ft 2) of radiator at 53"C (127"F) and 1.2 m 2

(13 ft 2) of radiator at 286°C (547"F). The total radiator area, 6.4 m2 (69 ft 2)

is just 44% of the direct radiation case.

The comparison becomes even more attractive if radiator degradation is

considered. Assuming that emissivity remains constant at qr=0.75,

degradation of solar absorptivity beyond as=O. 19 would make direct radiation

of a 6°C heat load from radiators spread on the lunar surface infeasible during
periods of peak insolation. The structures and mechanisms of steerable

radiators would enter the mass comparison with degraded radiator

performance. If the hydride heat pump radiators were degraded to as=O.19,

simple surface mounted radiators could still be used by increasing the total
surface area from 6.4 m2 (69 ft 2) to 9.2 m2 (99 ft2).

The estimated mass of the metal hydride heat pump is strongly affected by

its cycle rate. Computer program HAWK is not currently capable of simulating
MgH2 formation and decomposition because the process is different from the

lower temperature hydrides for which the model was developed. The literature

indicates that the sorption rates will be slower than rare earth pentanickel or

iron titanium hydrides but further development will be needed to gain accurate

predictions of the dynamics of heat transfer and chemical kinetics in MgH2

containers. For the sake of very rough estimation, assume that the heat pump

cycle of Figure 4-5 requires 40 minutes to complete. Each of the two B

modules would be on line for about 20 minutes and during that time 1800 W

would be extracted from the coolant loop. The total heat Input would be 2.16

MJ (2049 Btu) requiring 77. I gram-moles of transferrable H2 capacity. If 90%

of the hydrogen is transferrable within the 20 minute period, the total

hydrogen capacity of each B module would be 85.7 gram-moles or 173 grams

(0.38 lb). The mass of FeTIH needed to contain this amount of hydrogen Is 18 kg

(40 lb) and, adding 25% for the container and heat transfer fluid, each B module

would weigh about 23 kg (50 lb).

The A modules would be much lighter because MgH2 has more than seven

times the gravlmetric hydrogen content of FeTiH. The MgH2 mass needed to
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absorb the173 grams of hydrogen flowing from a B module is 2.3 kg (5 lb). The

container and heat transfer fluid are a larger fraction of the mass of an A

module than a B module, owing to the reduced density of MgH2. The total mass

of an A module is estimated at 7 kg ( I 5 lb).

The heat pump subsystem, comprized of two A modules and two B modules,

would have a total mass of 60 kg (130 lb), plus the mass of the valves and

other control components and fluid lines. FeTi accounts for 60% of the total

heat pump mass so, if the alloy were produced as a by-product of a lunar oxygen

plant, only 24 kg (53 lb) would need to be transported from Earth. The system

volume would be approximately 28 liters (1 ft3).

4.3 HYDRIDES AND MOBILITY

In the preceding example, a metabolic heat pump for a crew of six was

estimated at 60 kg (130 lb) and 28 liters (1 ft3). The heat pump completed a

cycle every 20 minutes, drawing power from a stationary nuclear heat source.

It is also possible to provide very compact hydride thermal control subsystems

for EMU's, rovers and other mobil life support systems, where large radiators
are not feasible. Some mobil applfcatfons have a heat source that could be used

to drive a heat pump cycle Just like the preceding example. A fuel cell powered

rover might be designed with a relatively high operating temperature so that
waste heat from the fuel cell could be rejected from a small radiator. A

portion of that waste heat could be used to power a hydride heat pump.

Other mobil life support systems may be battery powered and have no

waste heat available to power hydride cycles. In that case it is possible to

separate the hydrides from the heat source by designing a cycle that has the

features of both a heat pump and a thermal storage device. The metal hydride

heat pump (MHHP) for advanced Space Station EMUs, currently under

development for JSC (NAS 9-17819), employs these operating principles.

Figure 4-6 is a sketch of the MHHP showing two hydride containers that operate

in a thermal cycle that is similar to the LEO and lunar examples in sections 4.1

and 4.2. The most important difference between the MHHP and the preceding

examples is that the process is divided into two distinct phases. Only the two

hydride containers and a small radiator are attached to the EMU during

extravehicular activity (EVA). The thermal energy and auxiliary cooling

equipment, needed to recharge the MHHP, are supplied by the Space Station.

4-12
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RkDIATORSURFACE

HEATEXCHANGERB
(COLD)

HEATEXCHANGER6
(HOT)

Figure4-6. Major components of a MHHP for an advanced Space
Station EMU. The two heat exchangers contain metal

hydMde alloys.

The hydride in heat exchanger B extracts heat from the liquid coolant of the

EMU at temperatures as low as 4"C (40"F) while flowing hydrogen to the

hydride in heat exchanger A. The hydride in heat exchanger A absorbs the flow

of hydrogen, dissipating heat to the radiator at temperatures up to 42"C

(I08°F). The recharge process takes place after the EVA is complete. Hydride

A is heated to 93"C (200"F) by a heat source on the Space Station while heat is

rejected from hydride B at 25"C to a coolant loop. The cycle is shown in Figure

4-7. The EVA and recharge processes take place over periods of hours, so the

pressure ratios (PRs in Fig. 4-7) are smaller than the rapid-cycling heat pumps

in Figures 4-3 and 4-5.

The most severe environment encountered during this study for EMUs,

rovers and other mobile equipment is the surface of the Moon. During the peak

of the lunar day, surface temperatures reach 405 K (170"F). A vertical surface,

such as the backpack of an EMU will receive several hundred W/m 2 of IR and

aibedo flux In addition to sotar Irradiation. Some or the objectives or a lunar

base depend upon an uncontaminated atmosphere, so venting from sublimators

will probably be disallowed. Hydride heat pumps would be a prime alternative
for thermal control in lunar EMUs and rovers.

A metabolic cooling cycle based on hydrides manufactured on the Moon was

presented in Figure 4-5. The same hydrides could be used to provide heat

pumpinglthermal storage for a battery-powered shirtsleeve rover. Figure 4-8

shows a vehicle (Waligora and Sedej, 1986) that provides mobility and permits

two crewmembers to work without the restrictions of a pressure suit and

pack-mounted PLSS.
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Suppose that an active crew of two remains aboard the rover for a perlod of

eight hours. The metabolic cooling requirement would total to about 17 MJ

(i6,400 Btu). Inscaling the previous result from section 4.2 it is necessary to

recognize that continuous heat pumping is not required in the present example.

Like an EMU, the vehicle stands idle for a period of several hours at the end of

an excursion while the batteriesand lifesupport equipment are serviced. Since

there is no need for two parallelunits operating out of phase with one another,

the mass and volume per unit of heat pump capacity are only half that

calculated in section 4.2. The thermal capacity is much largerhowever, so the

mass of the hydride subsystem grows to 236 kg and itsvolume to i10 liters(4

ft3). As before, these hydrides are potentiallyavailable from lunar resources

so only a fractionof the system mass would need to be transported from Earth.

for use at advanced bases.

Only 0.4 m2 (4.,3 ft 2) of 286°C (547"F) radiator would be required to reject

heat from hydride A. The radiator should be placed on a horizontal surface at a
-location that could not be touched accidentally during EVA. The 53°C (127'F)

radiator, needed for regeneration of the heat pump, would remain at the service

depot since it is not used during the excursion.

In summary, the same advantages perceived by JSC Thermal Systems
Branch staff in their MHHP concept for the Space Station EMU, pertain to all

mobile life support systems in thermal environments that are too hot for

reasonably small radiators to carry low temperature heat loads.

4.4 HYDRIDE THERMAL POWER TRANSMISSION

Future spacecraft and lunar or planetary bases may involve nuclear power,

concentrating solar dynamicpower or Power system alternativesthat have not

...... ye_ tbeen conceived. Because of heat and/or nuclear radiation, it may be
infeasible to locate a habitat very near t.o t_h_elpo_er so[Jrce. Electric power

can be transmitted through cables over reasonable distances w!thout much
loss, but thermal power transmission is a greater challenge_'_T-he reason for

using waste I_ea-t to power the_rmal -control Systems is to conserve electricity.

If the point of use is too far from the heat source, the heat loss and pumping

power demand of a pumped liquid loop will negate the advantages of thermal

power. _:_:_ :

Hydrogengas is the least viscous fluid known. A largervolume flow of

hydrogen can be transmitted through a pipe of a given dlameter and length, at a

given pressure, z_P, and temperature, than any other gas. The preceding
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examples have shown pairs of hydrides (A and B) in close proxlmity, exchanging

hydrogen in thermal cycles. The short dlstances between hydrides A and B in

these examples Is not a necessary condition. The only physical linkage that is

necessary between two hydrldes is a gas line. The length of the gas llne is

relativelyunimportant* so long as the pressure drop is negligible.Therefore,

thermal power from a heat source can be transmitted over long distances by

placing hydride A near the heat source, hydride B In some remote thermal

control system, and flowing hydrogen back and forth through a long gas line

between the two. The effect is that of a chemical heat pipe wherein thermal

energy is transmitted in the form of chemical potentlalenergy.

One potential application for transmitting thermal power in this way is

shown in Figure 4-9. H6rz (1984) has discussed the possibility of using lunar

lava tubes as habitats because they offer natural shelter from cosmic and solar

radiation and provide a nearly constant temperature environment. The thermal

design of such a habitat would be relatively simple, compared to surface

structures that must withstand the large diurnal temperature swings.

HABITAT

IN LUNAR

LAVA TUBE

NUCLEAR

POWER

SYSTEM

.'.•",:.',•",_.',.",.",•",:._.."..",.",•",•",•",."..,,._•_._•_•_._._._._•_•_•_•____%(¢0

'; ;_ ; ; ; ; ;; ; ,_;;_;;_'••._;_•_._._._.._._._._.•.•._.•_..•._.•._.•._•.

RADIATOR CONTROL

Figure 4-9. Hydride heat pumps can be located some distance
rrom the heat source that powers them.

dThe internal volume of the gas line between two hydrides is pressurized and
epressurized on each cycle. This results in an irreversible work term in a

detailed thermodynamic analysis of the cycle, so the volume of the line should
be small, relative to the totalvolume of hydrogen that passes through the line.
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The average internalheat load in the habitat might be balanced by a controlled

heat leak through a moderate insulationbarrier to the walls of the lava tube

(ca.-20°C or -4°F). Any active control required to offset heat load variations

could be accomplished with a hydride heating/coolingsubsystem.

Thermal power to operate the heat pumping and refrigeration cycles might

be drawn from a power system at a remote location. Hydride A, and enough

auxiliary radiator to cool it, might be located near the power system. A small

hydrogen line*, buried deep enough in the lunar regolith to protect it from

damage by mlcrometorites or surface vehicles, could flow hydrogen to and from

hydride B, located near the habitat. Hydride B, in Flgure 4-9, ls connected to a

heat slnk that rejects heat to subsurface rock (see section 3.3). It may be more

convenient, in some cases, to use a surface-mounted radiator.

Figure 4-9 is offered as a simple example of how hydrides might contribute

to the efficient use of thermal resources at a lunar base. The particular

details of this example are unimportant. The point to be made here is that

hydride subsystems could transmit thermal power over respectable distances

without heavily insulatedlinesor pumping power penalties.

4.5 SYNERGISM BETWEEN HYDRIDES AND OTHER SUBSYSTEMS

The main focus of this study has been the use of hydrides in advanced

thermal control systems for future space activities. During the course of the

study however, several opportunities to use hydrides for other purposes became

apparent. In some cases hydrides could serve as thermal control subsystems at

the same time as they provide other valuable functions. These additional uses

of hydrides contribute to their attractiveness as thermal control alternatives

because a portion of the mass and volume can be written off against the

secondary function.

HYDROGEN/HEAT BUFFER

Consider Figure 4-10 for example; a rover with cryogenic H2-O 2 reactant

storage, a fuel cell for power, and a thermal system for fuel cell cooling. A

metal hydride reservoir could serve dual purposes in this system.

* A 2.5 cm (I in.) I.D. tube could carry 100 kW of chemical potential energy

over a distance of several hundred meters without significant pressure drop.
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Lightweight cryogenic hydrogen storage containers generate a minimum

flow of boil-off gas that must be either consumed by the fuel cell,stored or

vented. A hydride could absorb boil-off during periods when the fuel cell's

demand is less than the boil-off rate. At some later time, when the fuel

demand exceeds the boiloff rate, the hydride could discharge its gas content to

the fuel line, thereby reducing the need to vaporize LH2

The heat flow to and from the hydride is also complementary to the

operation of the thermal system. Excess boil-offoccurs when the fuel demand

is low and the fuel cell's heat input to the thermal system is also low.

Therefore, the heat generated as the hydride absorbs gas is dissipated to the

radiator at a time when it has excess capacity. Later, when the hydrogen

demand and fuel cell heat rejection are high,the hydride extracts some of the

heat as itdesorbs the stored gas, thus reducing the heat load on the radiator.

The overall effects of the heat/hydrogen buffer on the rover are reduced H2

storage mass and volume (through boiloff control) and a smaller radiator (by

reducing the peak heat load).

NLd

_L_

Figure 4-10. Hydride H2/heat buffer interacts with fuel storage and
thermal systems in a cryogenically powered rover.
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HYDRIDESFORTHERMALCONTROLAND.SHIELDING

Crews and sensitive instrumentation on extended missions outside of

Earth's protective magnetosphere will require protection from solar particles,

cosmic radiation and probably radiation from nuclear power systems. Neither

the Moon nor Mars has a significant magnetosphere so habitats and work
environments will be covered with soil or located in natural caves, lava tubes

or man-made tunnels. Spacecraft that are manned for extended periods, and

surface vehicles that are used frequently at lunar and planetary bases will also

require protection. Materials that are effective for attenuating radiation and

blocking particles are necessarily massive and will be a major factor in the

design of shielded systems. Thermal control systems will also contribute

strongly to the masses of spacecraft and surface vehicles. Metal hydrides can

serve, both as thermal control system materials and as shielding, so it is

attractive to consider ways to reduce overall mass by combining these

capabilities into one dual purpose subsystem.

One of the principle metal hydride research objectives of the late i950s

and early 1960s was the evaluation of metal hydrides as lightweight nuclear

sheilding materials (Mueller et a1.,i968). Currently proposed shielding for the

SP-IO0 space nuclear power system consists of layers of lithium hydride and

tungsten (Barrattino et a1.,1986). Preliminary work at HCI with simple

calculations for monoenergetic neutron and gamma radiation fluxes indicates

that metal hydride systems, such as those discussed throughout this report,

have potential as shielding. Preliminary comparative calculations of shielding

effectiveness for typical metal hydrides, their parent alloys, and typical

hydride container materials are presented in Table 4-1, along with the two

presently proposed SP-IO0 shielding materials. The approximations used are

the very simple ones of the neutron removal cross-sections. Table 4-1 was

prepared using the 8 MeV neutron flux data of Chapman and Storrs (1955) and
the constant mass attenuation coefficient for gamma flux, which approaches

the constant value of 0.0065 m2/kg at 1 MeV for a variety of metals and

compounds (Glasstone and Sesonske, 1981). Forty percent of the container
volume was assumed to be void space in the hydride powder. The table

indicates that metal hydrides, their parent alloys, and containers may serve as

shielding materials against both solar proton events and isotropic cosmic
radiation.

Figure 4-11 shows a pair of hydrides, A and B, located in the outer walls of

a compartment. The hydrides would exchange hydrogen, performing the active

thermal control processes discussed previously in this report, and providing

shielding against various types of radiation and particle bombardment.
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TABLE 4-1. Comparison of metal hydrides, parent alloys and containment
materials with state-of-the-art shielding for the SP- 100.

Percent incident 8 MeV neutrons attenuated (%NA) and percent incident 1 MeV
gammas attenuated (%GA) by 0.01 m (0.4 in) thickness_ (equal volume basis);
and by O.O1/p m thickness (with p the density in Mg/m_), (equal mass basis).
Neutron attenuations computed by the removal cross-section approximation
(Glasstone and Sesonske, 1981; Chapman nad Storrs, 1955), and gamma
attenuations computed by the constant mass attenuation coefficient
approximation (Glasstone and Sesonske, 1981 ).

Material (crys_al) T(melt)
g/m °) ('C)

% Solid %NA %NA %GA %GA
density in equal equal equal equal
possible vol mass vol mass
shield basis basis basis basis
layer(s)

*W 19.35 3407 1O0 1S I 72 6

A1 2.70 660 1O0 8 3 16 6

Fe 7.86 1536 I O0 1S 2 40 6

*LiH 0.780 680 1O0 11 14 5 6

**VHo.94 5.62 - 47 8 3 16 6

**VH 2 4.52 - 60 11 4 ! 6 6

**LaNi 5 8.27 1350 47 6 2 22 6

**LaNisH 6 6.59 - 60 9 2 23 6

**rig 1.74 64g 46 3 3 5 6

**MgH 2 1.45 - 60 6 7 6 6

U i 9.0 1132 36 6 1 36 6

UH3 II .4 - 60 I1 2 36 6

* presently proposed shield materials for SP-100

** V, La, Mg removal cross-sections approximated by o r = 0.35 A0.42 , in

barns (10 .28 m2), with A the atomic weight (Glasstone and Sesonske, 1981 ).
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Figure 4-11. Active thermal control subsystem, comprised of hydrides A
and B, doubles as shielding against radiation and particles.
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5.0 5UHHARY AND CONCLUSIONS

Metal hydride heat pumps and thermal storage devices may enhance the

performance of thermal systems in future space activities in several ways.

Their most useful features are the following:

• Hydride heat pumps can increase heat rejection
temperatures and thereby reduce radiator area.

• Ability to use thermal power (solar or waste heat)
instead of electricity, reduces power-mass penalties

• Hydride thermal subsystems are very simple--some
thermal subsystems may have no moving parts, except
those associated with external fluid circulation.

• The problems of zero-g liquid acquisition that comp-
l icate liquid-vapor alternatives do not affect hydrides.

• Hydrides are competitive with the best alternative
thermal storage materials on a mass basis.

• Hydrides are the most compact nonventing thermal
storage alternative.

• Hydride heat pipes can transmit thermal power over
long distances without insulated lines or excessive
pumping power.

• The raw materials for producing several useful hydride
alloys are available on the Moon and Mars.

• Commonal/ty advantage.s emerge.when hydride ther-
real devices are USed in systems that involve
hydrogen storage.

• Hydrides are effective radiation shield materials so
hydride thermal devices may double as shielding.

Heat pumping makes It possible to implement refrigeration systems and

reject low temperature heat loads wlth slmple nonsteerable radiators (e.g.,

roll-out lunar surface radiators)even when those radiators are in a degraded

state. Electrically powered heat pumping is sometimes infeasible because,

although the radiators are made smaller and/or simpler, the increased mass of

the electric system negates the advantages. Hydride heat pumps and

refrigerators are thermally powered. The only electric power needed Is for

circulating heat transfer fluids and for control.

Hydride heat pumps are intrinsically simple. It is possible to design a

hydride heat pump with no moving parts other than hydrogen molecules. Two
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container/heat exchangers may be connected by a gas tube and exposed

alternatelyto heat sources and sinks to perform heat pumping and refrlgeratlon

functions. An optional throttling valve In the hydrogen line adds control

flexibility.The only other components are those associated with Interfaclng

the hydride heat pump wlth heat sources, fluid loops, radiators, etc. Some

hydrides have a demonstrated ability to perform through many thousands of

cycles of absorptlonldesorptionwithout significantchanges In performance.

The operation of hydride thermal subsystems is unaffected by microgravity

because the gas phase (hydrogen) can only "condense" in the presence of the

solid metal powders in the hydride containers. There are no liquid phase

acquisition or transport problems.

Hydrides are among the best phase change thermal storage media In terms

of mass, and they are superior In terms of volume to other nonventing

alternatives. Thls allows very compact thermal subsystem designs that are

especlallyuseful In mobile applicatlonssuchas EMU's and rovers. Hydrides are

one of the few thermal storage materials that could be produced from

resources found on the Moon and Mars.

The extensive projected use of nuclear power systems in future space

actlvitlespresents a number of attractiveposslbi]itiesfor thermally powered

hydride subsystems. A prime possibillty is that of transportlng heat from

nuclear reactors over long distances by a form of hydride heat pipe. Chemical

potential energy transmisslon In a small hydrogen llne would be much more

efflclentthan pumping heat transfer fluidsover the same distance. The value

of hydrides as shielding materials also contribute to the synergistic

possibilities of using hydrides in conjunction with nuclear power systems

The relativelycold environment, and the abundance of CO 2 and water on

Mars presents opportunities to simplify many thermal subsystems with
shuttle-like sublimation coolers that vent the vapor phase to the martian

atmosphere. This limits the applicabilityof hydrldes on the surface of Mars,

but the usefulness In Mars orblt,on the surfaces of Phobos or Deimos, or on

Earth's Moon is similar to other space applications where venting is not

permissible.

Surface bases on the Moon, Mars, Phobos or Deimos also present the

possibility of rejecting heat to subsurface rock by conduction. Preliminary

analyses indicate that a few hundred watts per square meter could be

dissipated into a small diameter hole drilled into a typical basalt formation.
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APPENDIX A

COMPUTER SIMULATION METHODS

The tubular hydride container is sub-divided radially and axially into

thin annular rings or "nodes" (A I). Each internal node, containing

hydrides, undergoes sensible heat changes and composition changes as

quickly as heat transfer and kinetics permit. The changes are iteratively

analyzed across a smal! time step as many times as required to reach a

self-consistent set of conditions among the nodes. When this has been

accomplished a new time step is taken and the iteration process is

repeated.

Nodal analysis of hydrides has been done by others (A2, A3, A4, A5).

The very realistic performance of the present model is largely due to an

innovation conceived by HCI's programming consultants at Quadrant

Scientific, Louisville, Colorado. The concentration change during each

time step, AT, is computed as the integral of the rate equation over AT

at the local pressure, temperature and concentration conditions. The

model has a realistic level of sophistication and can run on a

microcomputer in a reasonable amount of time.

A cutaway of the hydride bed, tube and filter is shown in Figure A-I.

For clarity, only five hydride nodes in the radial direction are shown, and

water nodes are not included. In actual use, the number of nodes must be

at least 12. The axial direction was incorporated for cases where

significant heating and cooling of a fluid is desirable. Each node is

separated radially by a distance, Ar, and axially by a distance, AZ. The

thickness and length of a node's control volume is therefore &r and &z,

respectively.

Control volumes surrounding each node have homogeneous physical

properties, but their temperatues can vary internally in the axial and

radial directions. The outermost node shown is the "tube node," which is

comprised entirely of the tube material and lies at the tube-fluid

interface. The innermost node is the "filter node," which contains

hydride material and is located at the hydride-filter interface. It is

assumed that there is no heat transfer from the "filter node" to the filter

or through either end.

A simplified flow diagram is shown in Figure A-2. The program

starts by setting initial nodal conditions to previously specified
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Figure A-I. Cutaway view of the hydride tube model. Each node
is a representative point in a control volume L_rthick

and L_z long.

temperatures (TO), concentrations (CO), bed pressure (P I) and reaction

direction. The main program is then entered, where time (t) is

incremented in small steps (At).

The main program contains three iteration loops, shown as dashed

lines, and one procedural loop shown as a solid line. The innermost

iterative loop (#I) adjusts the node temperature (TIj) in order to

converge on a solution of the node temperature and composition (Cij).

This loop is inside of another (#2) which checks for temperature

convergence, typically +_0.025"C, and passes program flow only when all

equations meet the criteria. These two loops will be discussed in more

detail shortly. The outermost loop (#3) adjusts the bed pressure to

converge on temperal output (flow or pressure) requirements.

Early in the main program, the heat transfer direction (heating or

cooling) and pressure conditions are calculated from their required duty

cycles. An example of this would be the cyclic conditions of the MHHP.

Next, hydride node conductivity is calculated based on the present

concentration (Cij) and bed pressure (P2).
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flow diagram.

P -Future Pressure
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Because each hydride node has a"state" condition associated with it,

each is treated differently depending on whether it is in desorption,

absorpion or hysteresis. It is assumed that there is no reaction for

nodes in hysteresis. The conditional hysteresis statements, after the

hydride nodes energy balance, check for changes in the reaction direction.

Thus, any node in the hydride bed may change its "state" as a result of

local conditions and subsequently be handled by the proper equations.

Finally, after all equations have converged on solutions, a new time

step is taken and old conditions of temperature (T0ij), concentration

(C0ij) and pressure (PI) are set equal to the most recent calculation of

Tij, Cij and P2.

An energy balance for all nodes was set-up using the implicit

formulation of the finite difference equations (A6). The implicit

technique is inherently stable and allows time steps and control volume

thicknesses (At) to be chosen for speed or accuracy, without concern for

stability.

This two-dimensional transient system of equations, with internal

energy storage and heat sources (or sinks), was solved with an iteration

technique that gave swift convergency. This iteration is shown in Figure

20 as loop #2. A modified Liebmann method (A7) was used, where, as

soon as a node's new temperature was calculated, i.twas immediately

substituted for the previous one. Thus, new equations in the

pattern used more up-to-date temperatures, shortening the

process. The iteration technique was further enhanced by

temperature node profiles for the new "guesses" at the start

iteration loop.

iteration

iteration

using old

of a new

A secant method iteration (AS) was used for solving a given node's

temperature and composition inside the outer Liebmann iteration. This

is shown as loop #I. Convergence of this "inside" iteration was very fast

using the previous nodal temperature and the van't Hoff equilibrium

temperature as starting points. Three iterations were usually sufficient

to get a convergence of better than +0.025°C. This inner iteration

eliminated some instabilities, which resulted from expressing the

implicit finite difference equations in a convenient algebraic form.

The kinetic rate expression used in the model was similar to El 0sery

(A2) and Cummings & Powers (A5) and can be written as
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dC _ K(T)" P,-.-P2 " CO

dt Pe_

where C and CO = new and old concentration; K(T) = rate constant; Pe_ =

van't Hoff equilibrium pressure at temperature (T); P2 = applied pressure

in the hydride. The rate constant is used in the familiar Arrhenius

expression:

K(T) = A "e {-E_IRT}

where E_ = activation energy; R = gas constant; T = temperature; A =

constant. The first order rate equation was integrated to improve the

accuracy of the concentration calculation compared to average values

over large time steps.
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